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Abstract
We study nuclear electric dipole moments induced by ∆F = 1 effective operators
in the Standard Model Effective Field Theory. Such contributions arise through renor-
malization group evolutions and matching conditions at the electroweak symmetry
breaking scale. We provide one-loop formulae for the matching conditions. We also
discuss correlations of these effects with ∆F = 2 observables such as K and ∆MBd .
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1 Introduction
Since we have not discovered new particles at the LHC experiment [1], physics beyond the
standard model (SM) is very likely to exist in high energy scale, particularly above the
electroweak symmetry breaking (EWSB) scale. Such a high scale can be probed indirectly
through flavor and CP violations. In particular, electric dipole moments (EDMs), which are
CP -violating observables, are one of the most sensitive observables. Currently, an experi-
mental bound on the EDM of the 199Hg atom is provided as [2, 3]
|dHg| < 6.3× 10−30 e cm, (1.1)
at the 90% confidence level. Although theoretical calculations suffer from uncertainties
in estimating the Schiff moment, it can constrain NP very severely. For the nucleon, the
experimental bound of the neutron is [4]
|dn| < 3.0× 10−26 e cm, (1.2)
at the 90% confidence level. On the other hand, the indirect limit on the proton EDM is
derived from 199Hg as [5]
|dp| < 2.1× 10−25 e cm. (1.3)
In future, several experiments aim to improve the sensitivity by two orders of magnitudes for
the neutron EDM [6,7]. Also, a storage ring experiment is projected to measure the proton
EDM at the level of 10−29 e cm [8].
Although the EDMs are flavor-conserving observables, flavor-violating interactions can
contribute to them. In the SM, the W -boson interactions change quark flavors. Thus, a
class of NP can induce EDMs through quark flavor-changing interactions by exchanging the
W boson. Such contributions are represented by the Standard Model Effective Field Theory
(SMEFT) [9–11]. Here, all the SM particles including the electroweak bosons (W,Z,H)
and the top quark (t) are retained. Above the EWSB, NP contributions to flavor and CP
violations are encoded in higher dimensional operators in the SMEFT. At the EWSB scale,
they are matched onto the effective operators in the low-scale effective field theory (LEFT)
by integrating out W , Z, H and t. Low-scale observables such as the EDMs are evaluated
by using the LEFT.
In this letter, we study the nuclear EDMs from SMEFT flavor-changing operators. They
are induced by ∆F = 1 operators through radiative corrections of the W boson. In partic-
ular, we will focus on top-quark loop contributions, because they tend to be large due to
the large top quark mass (cf. Ref. [12]). The radiative corrections are taken into account by
solving the renormalization group equations (RGEs) in the SMEFT [13–15]. In addition, the
SMEFT operators are matched onto those in the LEFT at the EWSB scale. The one-loop
matching conditions are necessary, because the contributions of the ∆F = 1 operators to
EDMs are induced by radiative corrections. The one-loop formulae will be provided in this
letter. Theses operators also contribute to ∆F = 2 observables such as K and ∆Md through
the W -boson loops. Since these observables are sensitive to NP contributions, we will discuss
correlation between the contributions to the EDMs and the ∆F = 2 observables.
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2 Formula
In this section, we provide formulae for evaluating the EDMs induced by flavor-changing
operators. By decoupling NP particles, their contributions are encoded in higher dimen-
sional operators in the SMEFT. Then, these operators are evolved by following the RGEs.
Anomalous dimensions in the SMEFT are provided at the one-loop level in Refs. [13–15], and
those relevant for the CP and flavor violations are summarized in Ref. [12]. At the EWSB
scale, they are matched to the LEFT operators. We provide the one-loop matching formulae
between the SMEFT ∆F = 1 operators and the LEFT ∆F = 0 CP -violating operators.
In the SMEFT, the ∆F = 1 effects are encoded into higher dimensional operators, which
are defined as [10]
Leff = LSM +
∑
a
CaOa, (2.1)
where the first term in the right-hand side is the SM Lagrangian, and the second term
represents the higher dimensional operators. Here, the Lagrangian is invariant under the
SM gauge symmetry, and all the SM particles including W,Z,H and t are dynamical. In
this letter, we consider the operators of the down-type quarks,#1which correlate with ∆F = 2
observables, such as K and ∆MBb . The dimension-six operators which potentially relevant
to the EDMs and the ∆F = 2 observables are shown as#2
(O(1)qq )ijkl = (qiγµqj)(qkγµql), (2.2)
(O(3)qq )ijkl = (qiγµτ Iqj)(qkγµτ Iql), (2.3)
(O(1)qd )ijkl = (qiγµqj)(d
k
γµdl), (2.4)
(O(8)qd )ijkl = (qiγµTAqj)(d
k
γµTAdl), (2.5)
(Odd)ijkl = (diγµdj)(dkγµdl), (2.6)
(O(1)Hq)ij = (H†i
←→
DµH)(q
iγµqj), (2.7)
(O(3)Hq)ij = (H†i
←→
DIµH)(q
iγµτ Iqj), (2.8)
(OHd)ij = (H†i←→DµH)(diγµdj), (2.9)
(O(1)qu )ijkl = (q¯iγµqj)(u¯kγµul), (2.10)
(O(8)qu )ijkl = (q¯iγµTAqj)(u¯kγµTAul), (2.11)
(O(1)ud )ijkl = (uiγµuj)(d
k
γµdl), (2.12)
#1It is straightforward to extend the analysis to ∆F = 1 operators of the up-type quarks. In this case,
radiative corrections are likely to be dominated by bottom-quark loops.
#2 See Ref. [16] for an extensive study of the SMEFT operator, (H˜†i
←→
D µH)(u
iγµdj), where EDMs and
flavor observables are examined. Also, the nucleon/nuclear EDM has been discussed within the context of
the SMEFT in Ref. [17–19], where flavor-conserving operators have been studied.
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(O(8)ud )ijkl = (uiγµTAuj)(d
k
γµTAdl), (2.13)
with the derivative,
H†
←→
DIµH = H
†τ IDµH − (DµH)† τ IH, (2.14)
where q is the SU(2)L quark doublet, d the right-handed down-type quark, u the right-
handed up-type quark, and TA the SU(3)C generator with quark-flavor indices i, j, k, l and
an SU(2)L [SU(3)C ] index I [A].
At the EWSB scale, the SMEFT operators are matched to the LEFT operators. The
latter operators for EDMs are defined as
LCPV =
∑
a=1,2,4,5
∑
i
CiaOia + C3O3 +
∑
a=1,2
∑
i 6=j
C˜ija O˜ija +
1
2
∑
a=3,4
∑
i 6=j
C˜ija O˜ija , (2.15)
where i, j are quark-flavor indices. The effective operators are defined as#3
Oi1 = −
i
2
mdi d¯ieQd(F · σ)γ5di, (2.16)
Oi2 = −
i
2
mdi d¯igs(G · σ)γ5di, (2.17)
O3 = −1
6
gsf
ABCµνρσGAµλG
B
ν
λ
GCρσ, (2.18)
Oi4 = (d¯αi dαi )(d¯βj iγ5dβj ), (2.19)
Oi5 = (d¯αi σµνdαi )(d¯βj iσµνγ5dβj ), (2.20)
O˜ij1 = (d¯αi dαi )(d¯βj iγ5dβj ), (2.21)
O˜ij2 = (d¯αi dβi )(d¯βj iγ5dαj ), (2.22)
O˜ij3 = (d¯αi σµνdαi )(d¯βj iσµνγ5dβj ), (2.23)
O˜ij4 = (d¯αi σµνdβi )(d¯βj iσµνγ5dαj ), (2.24)
where α, β are color indices, and Fµν (G
A
µν) is the electromagnetic (gluon) field strength.
We define F · σ = Fµνσµν , G · σ = GAµνσµνTA and G˜Aµν = 12µνρσGA
ρσ
with σµν = i
2
[γµ, γν ]
and 0123 = +1. Also, fABC is the structure constant, and mq is a mass for quark q. These
operators are mixed through the RGEs, which are found in Refs. [20–24] (see Refs. [25–27]
for higher order corrections).
The matching conditions are derived by integrating out SM heavy degrees of freedom,
such as W,Z,H and t. At the tree level, we obtain the conditions,
(C˜ij1 )
tree =
i
4
[
(C
(8)
qd )jiij − (C(8)qd )ijji
]
, (2.25)
#3 Besides, there is a strong CP phase, θ¯. In this letter, we assume θ¯ = 0, for simplicity.
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(C˜ij2 )
tree =
i
4
[
2
(
(C
(1)
qd )jiij − (C(1)qd )ijji
)
− 1
Nc
(
(C
(8)
qd )jiij − (C(8)qd )ijji
)]
, (2.26)
where the Wilson coefficients are evaluated at the EWSB scale, µ = µW . The other LEFT
operators are not induced at the tree level.
In addition, the SMEFT ∆F = 1 operators can generate ∆F = 0 amplitudes through
the one-loop matching conditions at the EWSB scale. We focus on the contributions from
the loop diagrams with the top quark and the W boson (cf. Ref. [12]). The conditions in
the Feynman-’t Hooft gauge are obtained as
(C˜ij1 )
1–loop =− α
2pis2W
Im
[
λjit (C
(8)
ud )33ij
]
I1(xt, µW )− α
pis2W
Im
[
λjit (C
(8)
qd )33ij
]
J(xt)
+
α
4pis2W
3∑
m=1
{
Im
[
λjmt (C
(8)
qd )miij
]
+ Im
[
λmit (C
(8)
qd )jmij
]}
K(xt, µW ), (2.27)
(C˜ij2 )
1–loop =− α
pis2W
Im
{
λjit
[
(C
(1)
ud )33ij −
1
2Nc
(C
(8)
ud )33ij − (CHd)ij
]}
I1(xt, µW )
− 2α
pis2W
Im
{
λjit
[
(C
(1)
qd )33ij −
1
2Nc
(C
(8)
qd )33ij
]}
J(xt)
+
α
2pis2W
3∑
m=1
{
Im
[
λjmt
[
(C
(1)
qd )miij −
1
2Nc
(C
(8)
qd )miij
]]
+ Im
[
λmit
[
(C
(1)
qd )jmij −
1
2Nc
(C
(8)
qd )jmij
]]}
K(xt, µW ), (2.28)
where the parameters are defined as
xt =
m2t
M2W
, λijt = V
∗
tiVtj. (2.29)
Here, Vij is the CKM matrix, and sW = sin θW with the Weinberg angle θW . The loop
functions are defined as
I1(x, µ) =
x
8
[
ln
µ
MW
− x− 7
4(x− 1) −
x2 − 2x+ 4
2(x− 1)2 lnx
]
, (2.30)
J(x) =
x
16
(
1− 2 lnx
x− 1
)
, (2.31)
K(x, µ) =
x
8
[
ln
µ
MW
+
3(x+ 1)
4(x− 1) −
x(x+ 2)
2(x− 1)2 lnx
]
. (2.32)
All the Wilson coefficients are evaluated at the EWSB scale, µ = µW . The other LEFT
operators for the EDMs do not receive one-loop corrections at this scale.
The SMEFT ∆F = 1 operators also generate LEFT ∆F = 2 operators. The latter
operators are defined as
H∆F=2eff = (C1)ij(d¯iγµPLdj)(d¯iγµPLdj)
4
+ (C2)ij(d¯iPLdj)(d¯iPLdj) + (C3)ij(d¯
α
i PLd
β
j )(d¯
β
i PLd
α
j )
+ (C4)ij(d¯iPLdj)(d¯iPRdj) + (C5)ij(d¯
α
i PLd
β
j )(d¯
β
i PRd
α
j )
+ (C ′1)ij(d¯iγ
µPRdj)(d¯iγµPRdj)
+ (C ′2)ij(d¯iPRdj)(d¯iPRdj) + (C
′
3)ij(d¯
α
i PRd
β
j )(d¯
β
i PRd
α
j ). (2.33)
We follow the analysis in Ref. [12], where the SMEFT RGEs and the matching formulae at
the one-loop level are provided.
Below the EWSB scale, the LEFT ∆F = 0, 2 operators are evolved by the RGEs. Then,
the low-scale observables are evaluated around the hadron scale.
3 Observables
In this section, low-scale observables are summarized. We consider the EDMs, K and ∆MBd .
All of them are very sensitive to NP contributions to CP violations.
3.1 Nuclear EDMs
The CP -violating operators of the down-type quarks induce the nuclear EDMs.#4 Then,
hadronic matrix elements are necessary to evaluate their contributions. There are many types
of the SMEFT four-quark operators. Contributions of O˜ds1 and O˜sd1 are evaluated by the effec-
tive chiral Lagrangian technique [28]. Those operators generate CP -violating baryon-meson
interactions through vacuum-expectation values (VEVs) of pseudoscalar mesons. Then, the
199Hg EDM is induced at the tree level as [29]
dHg
e
∼
(
0.005C˜ds1 − 0.032C˜sd1
)
GeV−1. (3.1)
In addition, from the baryon-meson loop diagrams, we obtain #5
dn
e
∼
(
−0.026C˜ds1 + 0.169C˜sd1
)
GeV−1, (3.2)
dp
e
∼
(
0.023C˜ds1 − 0.149C˜sd1
)
GeV−1, (3.3)
where the Wilson coefficients are estimated at the hadron scale, µ = 1 GeV. Here and
hereafter, we set θ¯ = 0 for simplicity#6. The derivations of Eqs. (3.2) and (3.3) are given in
Appendix A.
#4 In the analysis, CP -violating baryon-meson interactions are considered to discuss the nuclear EDMs
(see Appendix A). They can also induce the electron EDM, e.g., via the Barr-Zee diagram, which will be
explored in future.
#5The nucleon EDMs are also induced by baryon-meson diagrams at the tree level [29]. However, we
confirmed that they are sub-dominant.
#6 The Peccei-Quinn (PQ) mechanism is not assumed for realizing θ¯ = 0. It is straightforward to extend
the case for θ¯ 6= 0. Then, the PQ mechanism is introduced to avoid the strong CP problem. The following
conclusions do not change qualitatively.
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Four-quark operators, O˜db and O˜bd, involve the bottom quark. In order to derive their
contributions to the neutron and proton EDMs, we follow the strategy explored in Refs. [30–
32]. The result becomes
dn
e
∼ 4.2× 10−4
(
C˜bd + 0.75C˜db
)
GeV−1, (3.4)
dp
e
∼ 6.1× 10−4
(
C˜bd + 0.75C˜db
)
GeV−1, (3.5)
where the Wilson coefficients are estimated at the hadron scale, µ = 1 GeV. Here, the
contribution to the proton EDM, (3.5), is derived by multiplying a ratio of the magnetic
moments, µp/µn, to that of the neutron EDM, (3.4) (cf., Ref. [32]). On the other hand, O˜sb
and O˜bs are much less constrained by the EDMs, because they do not depend on the down
quark.
Let us summarize the current experimental limits and future prospects. The current
bounds are obtained as [2–5]
|dHg| < 6.3× 10−30 e cm, [90% C.L.] (3.6)
|dn| < 3.0× 10−26 e cm, [90% C.L.] (3.7)
|dp| < 2.1× 10−25 e cm. (3.8)
In future, experiments are projected to achieve the sensitivities of |dn| ∼ 10−28 e cm [6] and
|dp| ∼ 10−29 e cm [8]. Although the 199Hg EDM constraint is the strongest at this moment,
the neutron/proton EDMs can provide severer bound by the future experiments.
Before closing this section, let us comment on contributions to the electric and chro-
moelectric dipole moments, Oi1 and Oi2. As mentioned in the previous section, the SMEFT
∆F = 1 operators contribute only to the LEFT four-quark operators, O˜ij1,2. Below the EWSB
scale, they induce Oi1,2 through radiative corrections. However, according to the RGEs in
the LEFT, their contributions appear as linear combinations of C˜ij1 + C˜
ji
1 and C˜
ij
2 + C˜
ji
2 as
Cia = αa(C˜
ij
1 + C˜
ji
1 ) + βa(C˜
ij
2 + C˜
ji
2 ), (3.9)
for Oi1,2 with a = 1, 2 and coefficients αa, βa. By substituting the SMEFT contributions into
C˜ij1,2 in the right-hand side, all the contributions are found to vanish (see Eqs. (2.25)–(2.28)).
Consequently, the SMEFT ∆F = 1 operators do not generate the electric or chromoelec-
tric dipole moment. Hence, we will study the nuclear EDMs directly from the four-quark
operators.
3.2 ∆F = 2 observables
The ∆F = 2 operators contribute to the oscillations of the neutral mesons. In particular, the
indirect CP violation of the neutral K mesons, K , and the mass difference of the neutral
Bq mesons are sensitive to NP contributions. The former is sensitive to flavor violations
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between the first two generations of the down-type quark. The SM and NP contributions
are represented as
K = e
iφ
(
SMK + 
NP
K
)
, (3.10)
with φ = (43.51± 0.05)◦. The SM prediction is estimated as [33]
SMK = (2.035± 0.178)× 10−3, (3.11)
where Vcb is determined by the inclusive semileptonic B decays. The NP contribution is
represented as
NPK =
κ˜√
2(∆MK)exp
[
Im (MK12)
NP
]
, (3.12)
where κ˜ = 0.94 [34, 35] and (∆MK)exp = 3.483 × 10−15 GeV [36] are used. Also, MK12 =
〈K0|H∆S=2eff |K¯0〉/2MK with MK = 0.4976 GeV [36]. The Wilson coefficients are evaluated
with the NLO-QCD RGEs [37], and hadron matrix elements in Ref. [38] are used. On the
other hand, the experimental result is [36]
|expK | = (2.228± 0.011)× 10−3. (3.13)
From Eqs. (3.11) and (3.13), we obtain the bound on the NP contribution as
−0.16× 10−3 < NPK < 0.55× 10−3, (3.14)
at the 2σ level.
Next, flavor violations including the bottom quark are constrained by the oscillations of
the neutral Bq mesons. In particular, those between the first and third generations contribute
to ∆MBd . The SM and NP contributions are represented as
∆MBd = 2
∣∣∣(MBd12 )SM + (MBd12 )NP∣∣∣ ≡ ∆MSMBd + ∆MNPBd , (3.15)
where MBd12 = 〈B0|H∆B=2eff |B¯0〉/2MBd with MBd = 5.27958 GeV [36]. The first term in the
right-hand side denotes the SM contribution, which is estimated as [39]
∆MSMd = (4.21± 0.34)× 10−13 GeV. (3.16)
The Wilson coefficients are evaluated with the NLO-QCD RGEs [37], and hadron matrix
elements in Ref. [39] are used. On the other hand, the experimental result is obtained as [36]
∆M expd = (3.3338± 0.0125)× 10−13 GeV. (3.17)
Thus, the NP contribution is required to satisfy,
0.20× 10−13 < ∆MNPd < 1.56× 10−13, (3.18)
at the 2σ level. Finally, although ∆MBs gives a constraint on flavor violations between the
second and third generations, the bound from the EDMs is very weak (see Eq. (3.4)). Hence,
we do not consider them in this letter.
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4 Numerical analysis
In this section, we study contributions of the SMEFT ∆F = 1 operators to the nuclear
EDMs and ∆F = 2 observables, K and ∆MBd . In Fig. 1, the neutron, proton and
199Hg
EDMs are estimated. On each line, one of the Wilson coefficients is set to be Ci = i/M
2
NP at
the NP scale, MNP. The other coefficients are zero. The effective operators missing in the
list do not contribute to the EDMs as well as the ∆F = 2 observables.#7 Once the operator
is set, the RGEs are solved, and the matching conditions are taken into account. In the top
and bottom panels, the four-quark operators mix the first two generations of the down-type
quark. On the other hand, the operators in the middle panels include the bottom quark. In
low MNP regions, it is found that the EDMs are suppressed, where the loop functions, I1
and K, vanish.
For the plots of the neutron and proton EDMs, the horizontal red and blue dotted lines
correspond to the current experimental bound and the future sensitivity, respectively. For
the latter, we quote |dn| = 10−28 e cm and |dp| = 10−29 e cm. Currently, the neutron EDM
excludes MNP . 100 GeV of (C(1,8)ud )3312 and (C
(1)
qd )3312. On the other hand, the severest
constraint is provided by the 199Hg EDM; the current experimental bound is shown by
the horizontal purple dotted line in the bottom plot of Fig. 1. It is found that the NP
contributions have already been excluded for MNP . 1–9 TeV. The sensitivities of the
neutron/proton EDMs are expected to be improved greatly. They can probe the NP scale
up to 2–10 TeV, which are beyond the limit of the 199Hg EDM.
The contributions to the nuclear EDMs are suppressed for the operators including the
bottom quark. This is because the hadron matrix elements of such operators are small (see
Eq. (3.4)). Currently, the constraint is weaker than MNP . 100 GeV according to the middle
panels of the figure, and the sensitivity may reach at most 3 TeV in future.
Let us study correlations between the EDMs and the ∆F = 2 observables. The results
depend on the SMEFT operators. The ∆S = 1 operators of (C
(1,8)
qd )3312, (C
(1,8)
ud )3312 and
(CHd)12 contribute to the EDMs and K via radiative corrections. Similarly, the ∆B = 1
operators of (C
(1,8)
qd )3313, (C
(1,8)
ud )3313 and (CHd)13 affect ∆MBd as well as the EDMs. In
Figs. 2–4, the EDMs and the ∆F = 2 observables are estimated for each operator. Here,
the real and imaginary parts of each Wilson coefficient are varied at the NP scale of 1 TeV,
while the other coefficients are set to be zero at this scale. In the plots, the current limits
from K and ∆MBd are drawn by the blue band, where the region inside the band is allowed
at the 2σ level. On the other hand, contours of the neutron, proton and 199Hg EDMs are
shown by the bands with different colors.
From the figures, it is noticed that the 199Hg EDM gives a bound on the ∆S = 1
operators, and the proton EDM can provide a better sensitivity for them. For some of the
∆B = 1 operators especially (C
(8)
qd )3313 and (C
(8)
ud )3313, future measurements of the proton
EDMs will also be able to compete with the constraint from ∆MBd . We want to emphasize
that the parameter dependence of the EDMs is different from that of K . Thus, the NP
#7 There are operators which can contribute to the EDMs through self-energy corrections. The matching
conditions are provided in Section 2, and it is straightforward to analyze them.
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contributions to the effective operators can be specified by combining the EDMs with the
flavor observables.
Next, let us consider C
(1,3)
qq , C
(1,8)
qu , and (C
(1)
Hq)12,13. We found that they do not contribute
to the EDMs because of the Lorentz structures of these operators. In fact, they generate only
the vector-type operators of the four quarks below the EWSB scale, which do not violate
the CP symmetry.
Similarly, the operators of (C
(3)
Hq)12,13 do not contribute to the EDMs through the four-
quark operators. Let us consider another contribution. It is noticed that these operators
include W boson interactions by taking the Higgs VEV as
(H†i
←→
D IµH)(q¯
iγµτ Iqj) = iv2
[
(u¯iγµPLd
j)
(√
2
v
∂µG
+ − i g2√
2
W+µ
)
+ (d¯iγµPLu
j)
(
−
√
2
v
∂µG
− − i g2√
2
W−µ
)]
+ . . . (4.1)
in the Feynman-’t Hooft gauge, where G± is the NG bosons. Here, all the quark fields are
left-handed in these interactions. Then, they seem to generate the electric and chromoelectric
dipole moments through penguin diagrams of the W boson loops. However, it can be checked
that such contributions vanish by paying attention to the chirality structure of the quark.
Hence, the operators of (C
(3)
Hq)12,13 do not contribute to the nucleon EDMs.
Finally, let us comment on Cdd. This operator can also contribute to the EDMs through
the RGEs and matching conditions. However, these contributions are found to be very small,
and we do not discuss them anymore.
5 Conclusions
We studied the nuclear EDMs induced by the SMEFT ∆F = 1 operators and their corre-
lations with the ∆F = 2 observables. These SMEFT operators contribute to them through
the W boson loops. The radiative corrections via the RGEs and the matching conditions at
the EWSB scale are taken into account. In particular, we provide the one-loop formulae of
the matching conditions for the EDMs.
It was found that some of the operators are already excluded for MNP . 1–9 GeV by
the 199Hg EDM, and future experiments for the proton EDM may be able to probe those in
MNP . 2–10 TeV. Compared with K and ∆MBd , it was shown that the nuclear EDMs can
provide a complementary information on the ∆F = 1 effective operators in future.
Other nuclear EDMs such as 129Xe and 225Ra can also be sensitive to the CP -violating
baryon-meson interactions. Although the current bounds are weaker than that of 199Hg, they
would be examined better in future experiments (see e.g., Ref. [6]). Although their theoretical
calculations suffer from potentially large uncertainties in estimating the the Schiff moment,
it is interesting to study future sensitivities to the SMEFT ∆F = 1 operators, which will be
explored elsewhere.
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Note added: while we are submitting this letter, a new article [40] was published on
arXiv; the authors argued that an enhancement factor coming from the strange quark mass
which was mentioned in Ref. [41] and is quoted in Eq. (A.21) disappears. Since this factor
can induce a large contribution to the neutron and proton EDMs, the numerical analysis in
this article may be affected.
Acknowledgements: This work was supported by JSPS KAKENHI No. 16K17681 (M.E.)
and 16H03991 (M.E.). We are indebted to the referee for important comments on an earlier
version of this letter.
A Estimation of neutron and proton EDMs
In this section, let us explain how to estimate the contributions of the four-quark operators
to the neutron and proton EDMs with the chiral Lagrangian technique [28]. In particular,
we follow the analysis explored in Ref. [41].
We consider the neutron and proton EDMs through meson condensations induced by the
CP -violating four-quark operators O˜q′q1 . At the parton level, these operators are represented
as
LCPV ⊃
∑
q′ 6=q,q,q′=u,d,s
C˜q
′q
1 O˜q
′q
1
=
∑
i,j,k,l=u,d,s
[
iCLRLRijkl (q¯iPRqj)(q¯kPRql) + iC
RLLR
ijkl (q¯iPLqj)(q¯kPRql)
]
− (L↔ R), (A.1)
where the coefficients are defined as
CLRLRijkl = C
RLLR
ijkl =
∑
q 6=q′
C˜q
′q
1 δi,q′δj,q′δk,qδl,q. (A.2)
Under the chiral rotations of U(3)L × U(3)R, we impose the following transformations,
PLqi → (L)ijPLqj, (A.3)
PRqi → (R)ijPRqj, (A.4)
CLRLRijkl →
∑
m,n,o,p
(L)im(L)koC
LRLR
mnop (R
†)nj(R†)pl, (A.5)
CRLLRijkl →
∑
m,n,o,p
(R)im(L)koC
RLLR
mnop (L
†)nj(R†)pl, (A.6)
with L,R are transformation matrices of U(3)L and U(3)R, respectively. Then, the right-
hand side of Eq. (A.1) is invariant under this transformation.
By adopting this symmetry in the meson chiral Lagrangian, the CP -violating terms are
written at O(p2) as
LmesonCPV =
F 2pi
4
Tr
[
(DµU)
†DµU + χ(U + U †)
]
+
F 20 − F 2pi
12
Tr
[
UDµU
†]Tr [U †DµU]
10
+ a0Tr
[
lnU − lnU †]2
+
∑
i,j,k,l=u,d,s
[
iCLRLRijkl
(
c1[U ]ji[U ]lk − c1[U †]ji[U †]lk + c2[U ]li[U ]jk − c2[U †]li[U †]jk
)
+ iCRLLRijkl
(
c3[U
†]ji[U ]lk − c3[U ]ji[U †]lk
) ]
, (A.7)
where U, χ are defined as
U = exp
[
2i√
6
η0I3 +
2i
Fpi
Π
]
, χ = 2B0diag (mu,md,ms) , (A.8)
I3 = diag (1, 1, 1) , Π =

1
2
pi0 + 1
2
√
3
η8
1√
2
pi+ 1√
2
K+
1√
2
pi− −1
2
pi0 + 1
2
√
3
η8
1√
2
K0
1√
2
K− 1√
2
K¯0 − 1√
3
η8
 . (A.9)
Here, Fpi is the decay constant of the pion, and F0 is that for η0. The mesons matrix
U transforms as U → RUL† under U(3)L × U(3)R. We approximate as F0 ' Fpi, B0 '
m2pi/(mu + md) and 48a0/F
2
0 ' m2η + m2η′ − 2m2K . By a naive dimensional analysis, we
estimate the unknown low-energy constants, c1, c2 and c3, as
c1 ∼ c2 ∼ c3 ∼ (4piFpi)
6
(4pi)4
. (A.10)
From Eq. (A.7), the scalar potential for the neutral mesons, pi0, η8 and η0, is extracted as
V (pi0, η8, η0) = F
2
piB0
[
mu cos
(
pi0
Fpi
+
η8√
3Fpi
+
2η0√
6F0
)
+md cos
(
−pi
0
Fpi
+
η8√
3Fpi
+
2η0√
6F0
)
+ms cos
(
− 2η8√
3Fpi
+
2η0√
6F0
)]
− 24 a0
F 20
(η0)
2
+ 2c1
[(
C˜ud1 + C˜
du
1
)
sin
(
2η8√
3Fpi
+
4η0√
6F0
)
+
(
C˜us1 + C˜
su
1
)
sin
(
pi0
Fpi
− η8√
3Fpi
+
4η0√
6F0
)
+
(
C˜ds1 + C˜
sd
1
)
sin
(
−pi
0
Fpi
− η8√
3Fpi
+
4η0√
6
)]
+ 2c3
[(
C˜ud1 − C˜du1
)
sin
(
−2pi
0
Fpi
)
+
(
C˜us1 − C˜su1
)
sin
(
− pi
0
Fpi
−
√
3η8
Fpi
)
+
(
C˜ds1 − C˜sd1
)
sin
(
pi0
Fpi
−
√
3η8
Fpi
)]
. (A.11)
Since we are interested only in C˜ds1 and C˜
sd
1 , the other Wilson coefficients are set to be zero.
Then, the VEVs of the meson fields are obtained at the leading order of C˜ds1 and C˜
sd
1 as
〈pi0〉
Fpi
'−
(
C˜ds1 + C˜
sd
1
) c1
B0F 2pi
B0F
2
pimums + 8a0(md + 2ms)
B0F 2pimumdms + 8a0(mumd +mdms +msmu)
11
+
(
C˜ds1 − C˜sd1
) c3
B0F 2pi
B0F
2
pimsmu − 8a0[md − 2(mu +ms)]
B0F 2pimumdms + 8a0(mumd +mdms +msmu)
, (A.12)
〈η8〉
Fpi
'−
(
C˜ds1 + C˜
sd
1
) c1√
3B0F 2pi
B0F
2
pimu(2md −ms) + 24a0md
B0F 2pimumdms + 8a0(mumd +mdms +msmu)
−
(
C˜ds1 − C˜sd1
) c3√
3B0F 2pi
B0F
2
pi (2md +ms)mu + 24a0(md + 2mu)
B0F 2pimumdms + 8a0(mumd +mdms +msmu)
, (A.13)
〈η0〉
F0
'
(
C˜ds1 + C˜
sd
1
) √2c1√
3B0F 2pi
B0F
2
pi (md +ms)mu
B0F 2pimumdms + 8a0(mumd +mdms +msmu)
+
(
C˜ds1 − C˜sd1
) √2c3√
3B0F 2pi
B0F
2
pi (md −ms)mu
B0F 2pimumdms + 8a0(mumd +mdms +msmu)
. (A.14)
On the other hand, the baryon chiral Lagrangian is obtained at O(p2) as
Lbaryons = Tr
[
B¯iγµ (∂µB + [Γµ, B])−MBB¯B
]
− D
2
Tr
[
B¯γµγ5{ξµ, B}
]− F
2
Tr
[
B¯γµγ5[ξµ, B]
]− λ
2
Tr [ξµ] Tr
[
B¯γµγ5B
]
+ bDTr
[
B¯{χ+, B}
]
+ bFTr
[
B¯[χ+, B]
]
+ b0Tr [χ+] Tr
[
B¯B
]
+ · · · , (A.15)
where the baryon matrix B is defined as
B =

1√
2
Σ0 + 1√
6
Λ0 Σ+ p
Σ− − 1√
2
Σ0 + 1√
6
Λ0 n
Ξ− Ξ0 − 2√
6
Λ0
 , (A.16)
with ξL,R defined as U = ξRξ
†
L, and ξR = ξ
†
L. Also, MB is the baryon mass. The definitions
of Γµ, ξµ, and χ+ are
Γµ =
1
2
ξ†R (∂µ − irµ) ξR +
1
2
ξ†L (∂µ − ilµ) ξL, (A.17)
ξµ = iξ
†
R (∂µ − rµ) ξR − iξ†L (∂µ − ilµ) ξL, (A.18)
χ+ = 2B0ξ
†
Ldiag (mu,md,ms) ξR + 2B0ξ
†
Rdiag (mu,md,ms) ξL. (A.19)
By inserting the meson VEVs into the baryon chiral Lagrangian, the CP -violating
baryon-meson interactions become
Lbaryons ⊃ g¯nppi−n¯ppi− + g¯nΣK+Σ+pK+
+ g¯pi+npp¯npi
+ + g¯K+Λpp¯ΛK
+ + g¯K+Σ0pp¯Σ
0K+, (A.20)
where the coupling constants are obtained as
g¯nΣK+ =
B0
Fpi
(bD − bF )
[
− 1√
2
(3mu +ms)
〈pi0〉
Fpi
+
1√
6
(−mu + 5ms)〈η8〉
Fpi
− 4√
3
(mu +ms)
〈η0〉
F0
]
,
(A.21)
12
g¯pi+np =
B0
Fpi
(bD + bF )
[√
2(md −mu)〈pi
0〉
Fpi
− 2
√
2√
3
(mu +md)
〈η8〉
Fpi
− 4√
3
(mu +md)
〈η0〉
F0
]
,
(A.22)
g¯K+Λp =
B0
Fpi
(bD + 3bF )
[
1
2
√
3
(ms + 3mu)
〈pi0〉
Fpi
+
1
6
(mu − 5ms)〈η8〉
Fpi
+
2
√
2
3
(mu +ms)
〈η0〉
F0
]
,
(A.23)
g¯K+Σ0p =
B0
Fpi
(bD − bF )
[
− 1
2
(ms + 3mu)
〈pi0〉
Fpi
− 1
2
√
3
(mu − 5ms)〈η8〉
Fpi
− 2
√
2
3
(mu +ms)
〈η0〉
F0
]
.
(A.24)
These couplings contribute to the neutron and proton EDMs through the baryon-meson loop
diagrams. By following the analysis in Ref. [42], the EDMs are estimated as
dn ∼ − e
8pi2Fpi
[
g¯nppi−√
2
(D + F )
(
1 + ln
m2pi
m2N
)
− g¯nΣK+√
2
(D − F )
(
1 + ln
m2K+
m2N
+
pi(mΣ− −mn)
mK+
)]
,
(A.25)
dp ∼ − e
8pi2Fpi
[
− g¯nppi−√
2
(D + F )
(
1 + ln
m2pi
m2N
)
+
g¯K+Λp
2
√
3
(D + 3F )
(
1 + ln
m2K+
m2N
+
pi(mΛ −mn)
mK+
)
− g¯K+Σ0p
2
(D − F )
(
1 + ln
m2K+
m2N
+
pi(mΣ0 −mn)
mK+
)]
, (A.26)
where the finite terms of the leading contributions are shown#8, and the renormalization
scale is set to be the nucleon mass, mN .
Applying the pion decay constant Fpi = 86.8 MeV [43], the meson-baryon couplings
D = 0.804 and F = 0.463 from the hyperon β decays [44], the low-energy constants
bD = 0.161 GeV
−1 and bF = −0.502 GeV−1 from the baryon octet mass splittings [45],
and the quark masses mu(1 GeV) = 2.791 MeV,md(1 GeV) = 5.754 MeV and ms(1 GeV) =
116.9 MeV evaluated with the QCD four-loop RGEs [46] from the lattice resultmud(2 GeV) =
3.364 MeV, mu/md = 0.485 and ms(2 GeV) = 92.03 MeV [47], we finally obtain the neutron
and proton EDMs as
dn
e
∼
(
−0.026C˜ds1 + 0.169C˜sd1
)
GeV−1, (A.27)
dp
e
∼
(
0.023C˜ds1 − 0.149C˜sd1
)
GeV−1. (A.28)
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Figure 1. The neutron and proton EDMs are estimated for the SMEFT ∆F = 1 operators of the
down and strange quarks with the top quarks in the top panels. Those for the down and bottom
quarks are shown in the middle panels. The red and blue dotted lines are the current experimental
limit and the future sensitivity. Also, the 199Hg EDM for the down and strange quarks are in the
bottom panel. The purple dotted line is the current experimental limit. The Wilson coefficients
are i/M2NP at the NP scale MNP.
17
ϵKNP
|dn | < 10-28 ecm
|dp | < 10-29 ecm
|dHg | < 6.3×10-30 ecm
-4 -2 0 2 4
-4
-2
0
2
4
Re(Cqd(1))3312 [TeV-2]
Im
(C qd(1) )
33
12
[TeV
-2 ]
ΔMd|dn | < 10-29 ecm
|dp | < 10-29 ecm
-4 -2 0 2 4
-4
-2
0
2
4
Re(Cqd(1))3313 [TeV-2]
Im
(C qd(1) )
33
13
[TeV
-2 ]
Figure 2. Contours of the EDMs and K (left) and ∆MBd (right). Outside regions of the purple
band are excluded by the 199Hg EDM, and those of the red and light green bands are probed by
the future experiment in the left panel. On the other hand, the deep green region in the right panel
corresponds to |dn| < 10−29 e cm, which is below the future sensitivity. In the left panel, the blue
region is allowed by K at the 2σ level, and the region in the right panel is allowed by ∆MBd at
the 2σ level.
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Figure 3. Same as Fig. 2.
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Figure 4. Same as Fig. 2.
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Figure 5. Same as Fig. 2, but the deep green region in the right panel is |dn| < 10−29 e cm, which
is one order of magnitude weaker than the future sensitivity.
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Figure 6. Same as Fig. 2, but the deep green region in the right panel is |dn| < 10−29 e cm, which
is one order of magnitude weaker than the future sensitivity.
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